We previously reported the development of epidermal growth factor receptor (EGFR)-targeted immunoliposomes that bind and internalize in tumor cells which overexpress EGFR and/or mutant EGFR variant III (EGFRvIII), enabling intracellular delivery of potent anticancer agents in vitro. We now describe in vivo proof-of-concept for this approach for the delivery of multiple anticancer drugs in EGFR-overexpressing tumor models. Anti-EGFR immunoliposomes were constructed modularly with FabVfragments of cetuximab (IMC-C225), covalently linked to liposomes containing probes and/or anticancer drugs. Pharmacokinetic and biodistribution studies confirmed long circulation times (t 1/2 = 21 hours) and efficient accumulation in tumors (up to 15% ID/g) irrespective of the presence of the targeting ligand. Although total accumulations of anti-EGFR immunoliposomes and nontargeted liposomes in EGFR-overexpressing tumors were comparable, only immunoliposomes internalized extensively within tumor cells (92% of analyzed cells versus <5% for nontargeted liposomes), indicating different mechanisms of delivery at the cellular level. In vivo therapy studies in a series of xenograft models featuring overexpression of EGFR and/or EGFRvIII showed the superiority of immunoliposomal delivery of encapsulated drugs, which included doxorubicin, epirubicin, and vinorelbine. For each of these drugs, anti-EGFR immunoliposome delivery showed significant antitumor effects and was significantly superior to all other treatments, including the corresponding free or liposomal drug (P < 0.001-0.003). We conclude that anti-EGFR immunoliposomes provide efficient and targeted drug delivery of anticancer compounds and may represent a useful new treatment approach for tumors that overexpress the EGFR. (Cancer Res 2005; 65(24): 11631-8) 
Introduction
Nanoparticles, including liposomes and other nanoscale constructs, can be used to deliver drugs to tumors. Certain nanoparticles, such as sterically stabilized liposomes, have already been optimized for prolonged circulation and redirection of drug, which can yield superior accumulation in tumors via a process often referred to as the ''enhanced permeability and retention'' effect ( for review, see refs. 1, 2) . Notable examples are the liposomal anthracyclines pegylated liposomal doxorubicin (PLD; Doxil/Caelyx) and liposomal daunorubicin (DaunoXome), both of which are currently approved for cancer treatment.
Immunoliposomes, in which monoclonal antibody (mAb) fragments are conjugated to liposomes, represent the next generation of molecularly targeted drug delivery systems. By combining the tumor targeting properties of mAbs with the pharmacokinetics and drug delivery advantages of liposomes, immunoliposomes offer the promise of selective drug delivery to tumor cells, including internalization and intracellular drug release within targeted cells (3) . For example, we previously reported that immunoliposomes that bind to and internalize in HER2-overexpressing tumor cells (4, 5) show significantly increased therapeutic efficacy in delivering doxorubicin in preclinical tumor models (6) and can be manufactured from existing liposomal doxorubicin (7, 8) .
We have also developed immunoliposomes that target epidermal growth factor receptor (EGFR; ErbB), which is involved in the pathogenesis of many tumors and is a proven target for cancer therapy ( for review, see ref. 9 ). Anti-EGFR immunoliposomes were constructed using FabVfragments of mAb C225 (cetuximab, Erbitux), a chimeric anti-EGFR mAb that is in clinical use for colorectal cancer treatment, as well as scFv C10, an independently derived phage antibody; these immunoliposomes mediated specific and efficient intracellular drug delivery to a variety of target cells in vitro (10) . Here we describe in vivo properties of anti-EGFR immunoliposomes, including the therapeutic potential of this receptor-targeted vehicle for the delivery of various cytotoxic drugs in a series of EGFR-overexpressing tumor models.
Materials and Methods
Liposome preparation. Liposomes were prepared by a lipid film hydration-extrusion method using repeated freeze-thawing to hydrate the lipid films (11) . Liposomes were composed of 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and cholesterol (molar ratio 3:2) with methoxy polyethylene glycol (mPEG)-1,2-distearoyl-3-sn -glycerophosphoethanolamine (DSPE; 0.5-5 mol% of phospholipid; Avanti Polar Lipids; Alabaster, AL). Following hydration, liposomes were extruded 10 times through polycarbonate filters (0.1 Am pore size), followed by extrusion seven times through additional filters (0.08 Am pore size). Liposome size was determined by dynamic light scattering (typically 80-100 nm). Phospholipid concentration was measured by phosphate assay (12) .
For liposomes loaded with ADS645WS (American Dye Source, Quebec, Canada), the fluorescent dye (5 mmol/L) was dissolved in buffer for rehydration of the dried lipids. After passive loading, unencapsulated dye was removed using Sephadex G-75 chromatography.
For encapsulation of chemotherapeutic drugs doxorubicin (Bedford Laboratories, Bedford, OH) and epirubicin (Pharmacia, Kalamazoo, MI), a standard remote-loading method using ammonium sulfate was done (13, 14) . For encapsulation of vinorelbine, liposomes were prepared as described following hydration in a solution of triethylammonium sucrose octasulfate (TEA 8 SOS; 0.65 mol/L TEA, pH 5.2-5.5). Unentrapped TEA 8 SOS was removed on a Sepharose CL-4B size exclusion column. Vinorelbine was added at a drug-to-phospholipid ratio of 350 g drug/mol phospholipid and the pH adjusted to 6.5 with 1 N HCl before initiation of loading at 60jC for 30 minutes. The resulting liposomal vinorelbine was purified on a Sephadex G-75 column to remove unencapsulated drug.
Preparation of monoclonal antibody fragments and immunoliposomes. Intact C225 mAb (cetuximab, Erbitux; ImClone Systems, Inc., New York, NY) was cleaved and reduced as previously described (10) . FabV fragments were covalently conjugated to maleimide groups at the termini of PEG-DSPE chains (Mal-PEG-DSPE; Nektar, Huntsville, AL; ref. 8) . Conjugation efficiencies were typically 30% to 50% for C225-FabV . For incorporation into preformed liposomes or commercial PLD (Doxil; Alza Pharmaceuticals, Palo Alto, CA), mAb conjugates were incorporated into liposomes by coincubation at 55jC for 30 minutes at protein/liposome ratio of 30 Ag FabV /Amol phospholipid, resulting in incorporation efficiencies of 70% to 80% (10) .
Pharmakokinetic studies. Biodistribution studies. NCR nu/nu mice (5-6 weeks; Taconic, Germantown, NY) were injected s.c. with EGFR-overexpressing MDA-MB-468 tumor cells (2 Â 10 7 cells) in the dorsum of the animal. When tumor xenografts were fully established and had reached volumes of 400 to 800 mm 3 , animals were randomly assigned to different treatment groups: 3 mice per group Â 2 groups (EGFR-targeted and nontargeted) Â 2 time points (24 and 72 hours). Liposomes or anti-EGFR immunoliposomes, both loaded with doxorubicin and labeled with [ 3 H]-cholesteryl hexadecyl ether, were injected i.v. via tail vein at a dose of 5 mg doxorubicin/kg. At 24 or 72 hours, animals were euthanized and tissues were collected following perfusion with PBS and analyzed for doxorubicin and lipid. Tissue samples were homogenized and drug (doxorubicin) and lipid (liposomes) concentrations were determined as described. The final distribution was expressed as percentage of injected dose for the concentration in circulation (blood) and as % of injected dose/ g of tissue for all other samples. Analyses were done in triplicate; data indicate mean F SD.
In vivo uptake studies. Nude mice (NCR nu/nu) were injected s.c. with U87 glioblastoma cells (1 Â Tumor xenograft models. Tumor cells (MDA-MB-468, U87, or U87vIII) were injected in the dorsum of nude mice as described. Once tumor xenografts had become established and 150 to 400 mm 3 in volume, mice were randomly assigned to treatment groups (10-15 animals per group). Liposomes and immunoliposomes were administered via tail vein at approximate maximum tolerated dose (MTD) once weekly for 3 weeks.
Based on typical drug/lipid ratios of 150 Ag drug/Amol phospholipid, the corresponding lipid dose was typically 0.8 to 1.3 Amol of phospholipid per injected dose and 2.4 to 3.9 Amol total. ''Empty'' anti-EGFR immunoliposomes were prepared identically, except for omission of cytotoxic drug, and were administered i.v. at the same lipid dose as anti-EGFR immunoliposomal drugs. Free drug and saline were injected on the same schedule as liposomes/immunoliposomes. Free mAb C225 was injected i.p. at 1 mg/dose twice a week for 3 weeks according to optimized regimens (16) .
Tumor measurements were done [(length Â width 2 ) / 2] and mice were weighed and examined for toxicity thrice a week for 60 to 90 days post tumor implantation. Mice with complete clinical regressions were examined histopathologically and were classified as ''cured'' if no residual tumor was detected after histopathologic analysis.
Statistical analysis. Treatment effects were compared using Student's t test (two-sample individual t test) for tumor size at each time point. In addition, a multivariate (rank) test was done based on the sums of ranks for each mouse. Tumor sizes at each time point following final injection were ranked across all mice and the ranks were summed. The sum of the ranks was compared in each case for two treatments by a two-sample t test (17) .
Results

Construction of immunoliposomal drugs targeted to EGFR.
Immunoliposomes were constructed using a modular design that builds on sterically stabilized liposomes optimized for long circulation as drug-containing nanoparticles as previously described (3, 4, 10) . Briefly, conjugation was done by covalent linkage of FabV fragments derived from mAb C225 to modified termini of PEG chains on liposomes (5) or by covalent linkage to Mal-PEG-DSPE linker in solution, followed by incorporation of the resulting micellar conjugates into liposomes (18) . The ''micellar incorporation'' method allowed stable addition of numerous mAb fragments to an existing drug-loaded liposome such as PLD (Doxil/Caelyx).
For delivery of other drugs, novel nanoparticle/liposome-based constructs were prepared using a new process for active drug loading and retention. Previous methods for liposome drug loading have been extremely variable, with excellent results with liposomal anthracyclines (14) but more problematic efficiency and/or stability with other drugs (19) . In this new technique, liposomes were formed with an entrapped solution containing poorly permeable ionic species such as substituted ammonium salts of poly(phosphate) or sucrose octasulfate, and then transferred to a buffer solution containing the drug. The resulting transmembrane potential induced spontaneous accumulation of weakly basic drugs into the liposome interior, producing packing, gelation, or crystallization of drug within the liposome. This technique enabled highly robust encapsulation of a number of chemical classes into stabilized liposomes, including epirubicin, Vinca alkaloids, ellipticines, and camptothecins; the resulting constructs were notable for extremely efficient loading (f100% of added drug was encapsulated), unsurpassed drug yields (10 4 -10 5 drugs per particle), and marked in vivo stability (20, 21) . In this report, we converted new liposomal constructs of epirubicin and vinorelbine into immunoliposome versions targeted to EGFR.
Pharmacokinetics of anti-EGFR immunoliposome-doxorubicin. Pharmacokinetic studies of anti-EGFR immunoliposomedoxorubicin were done in healthy adult rats. Immunoliposomes or matched liposomes lacking mAb fragments were labeled with [ 3 H]-cholesteryl hexadecyl ether and loaded with doxorubicin. After a single i.v. dose, anti-EGFR immunoliposome-doxorubicin showed prolonged circulation of both lipid and drug components, both of which were still present at f20% of 5-minute levels at 48 hours postinjection (Fig. 1A) . In contrast, free doxorubicin at the same dose was already undetectable at 4 hours postinjection. These data confirmed that immunoliposome delivery greatly extended the circulation time of encapsulated doxorubicin and that carrier and drug circulated together without appreciable drug release. Furthermore, the pharmacokinetics of immunoliposome components were indistinguishable from those of sterically stabilized liposomal doxorubicin, indicating that mAb fragment conjugation did not compromise circulation time or stability. Plasma clearances for liposomal and immunoliposomal doxorubicin were equivalent at 2.48 F 0.21 and 2.74 F 0.25 mL/h, as were the areas under the plasma concentration versus time curve at 2,025 F 170 and 1,836 F 165 Ag h/mL, respectively (Table 1) . Similarly, serial measurements of the doxorubicin-to-phospholipid ratio, indicative of drug retention, were equivalent at all time points. For example, the doxorubicin-to-phospholipid ratio at 48 hours was 89.14 F 0.39 for nontargeted liposomal doxorubicin and 84.67 F 1.92 for anti-EGFR immunoliposome-doxorubicin.
Biodistribution of anti-EGFR immunoliposomes versus nontargeted liposomes. Biodistribution and tumor tissue localization of liposomal and immunoliposomal doxorubicin were evaluated in nude mice bearing EGFR-overexpressing MDA-MB-468 breast tumor xenografts. Following a single i.v. injection of either liposomes or immunoliposomes, deliveries of liposomal lipid ([ 3 H]-cholesteryl hexadecyl ether) and encapsulated drug (doxorubicin) were separately assayed in various tissues at 24 or 72 hours (Fig. 1B and C) .
At 24 hours, tissue levels for both anti-EGFR immunoliposomes and nontargeted liposomes were highest in blood, consistent with the long circulation times observed in rats. Blood levels were slightly lower in tumor-bearing nude mice than in normal rats: 18% ID to 20% ID for tumor-bearing mice versus >40% ID for rats at 24 hours postinjection. This differential may reflect species-specific differences in pharmacokinetics as well as an increase in clearance in tumorbearing animals. These results again showed equivalent circulation times for immunoliposomes and liposomes, with no compromise in pharmacokinetics due to the presence of mAb fragments.
In addition to high blood levels, at 24 hours, both nanoparticles reached high levels in tumor, liver, spleen and skin. Accumulation in other organs, including heart, lung and kidney, was substantially lower. This biodistribution pattern is fully consistent with the wellestablished preclinical and clinical profile of sterically stabilized liposomes, such as PLD, which feature reduced but eventual clearance in reticuloendothelial system (RES) sites in liver and spleen (22) .
At 72 hours, blood levels of both nanoparticles showed a decline whereas tumor levels increased and RES sites showed a more complex pattern. In liver and spleen, levels of cholesterol and doxorubicin, which were equivalent at 24, showed a relative decrease in doxorubicin as compared with cholesterol at 72 hours (P < 0.05). This result likely reflected metabolism and clearance of doxorubicin within the RES between 24 and 72 hours.
Importantly, tumor accumulation in EGFR-overexpressing MDA-MB-468 tumor cells was extremely high for nontargeted liposomes and was not further increased in the case of anti-EGFR immunoliposomes. At 24 hours, tumor levels for both nanoparticles reached 10% to 12% ID/g tissue, and continued to accumulate at 72 hours to 13% to 15% ID/g tissue. The observation that mAbmediated targeting did not further increase accumulation of long circulating liposomes in tumors is consistent with previous results using anti-HER2 immunoliposomes in HER2-overexpressing tumor models (4, 23) .
Internalization of anti-EGFR immunoliposomes in xenografted tumor cells in vivo. Although anti-EGFR immunotargeting did not confer additional tumor tissue localization, we evaluated whether the mAb component was capable of mediating binding and internalization of immunoliposomes in tumor cells in vivo as we reported previously in in vitro studies. Confocal microscopy was used to compare binding and uptake of EGFRtargeted immunoliposomes and nontargeted liposomes in the U87/ EGFRvIII tumor model, which overexpresses both EGFR and EGFRvIII. For these studies, liposomes were loaded with the watersoluble fluorescent dye ADS645WS, with or without mAb fragments, and administered in tumor-bearing mice as a single-dose i.v. injection. At 24 hours postinjection, tumors were removed, disaggregated, and extensively washed for analysis. Confocal microscopy of the treated and harvested tumor cells showed that anti-EGFR immunoliposomes had accumulated profusely throughout the cytoplasm in a pattern consistent with receptor-mediated endocytosis ( Fig. 2A) . In contrast, control liposomes lacking the mAb fragment showed only minimal binding or uptake (Fig. 2B) , which did not seem to be significantly different than the background (Fig. 2C) .
Quantitative analysis of cellular accumulation of immunoliposomes following i.v. administration was done using a flow cytometry assay. Twenty-four hours following i.v. injection of ADS645WS-loaded immunoliposomes or liposomes, disaggregated cells from U87 xenografts were gated for positive nuclear staining and evaluated for fluorescence uptake. Overall, anti-EGFR immunoliposomes achieved cellular uptake that was 6-fold greater than that of nontargeted liposomes (Fig. 2D ). Tumors were also characterized in separate experiments by ex vivo analysis of the cell population. Tumors were excised from mice that did not receive i.v. treatment and processed as described; the resulting cell suspension was then incubated for 2 hours at 37jC with ADS645WS-loaded anti-EGFR immunoliposomes or nontargeted liposomes ex vivo. Immunoliposome uptake was observed in 92% of the population (Fig. 2E) whereas nontargeted liposomes showed minimal uptake in <5% of the population (Fig. 2F) . These results confirmed that the preponderance of the analyzed cells in harvested tumor tissues consisted of tumor cells capable of taking up anti-EGFR immunoliposomes.
Taken together, these studies indicated that immunoliposomes and nontargeted liposomes were comparable in overall tumor tissue localization but, at the cellular level, displayed distinctly different mechanisms of delivery. Consistent with in vitro results, anti-EGFR immunoliposomes, but not liposomes, were capable of extensive cellular uptake and internalization in EGFR-overexpressing tumor cells in vivo.
Efficacy of anti-EGFR immunoliposomal doxorubicin in EGFR-overexpressing tumor xenograft models. The therapeutic efficacy of EGFR-targeted immunoliposomes containing doxorubicin (anti-EGFR immunoliposome-doxorubicin) was evaluated in two different EGFR-overexpressing tumor xenograft models: MDA-MB-468 human breast tumors (f5 Â 10 5 receptors per cell) and U87 human glioblastoma tumors (f1 Â 10 5 -2 Â 10 5 receptors per cell). In both models, 1 Â 10 7 to 2 Â 10 7 tumor cells were implanted s.c. without matrigel in the flank of nude mice and allowed to grow until fully established and substantial in volume. To rigorously evaluate anticancer efficacy against advanced tumors, treatments were initiated when tumors were moderately large (mean volume, >150 mm 3 ) or extremely large (mean volume, >400 mm 3 ). We then evaluated the therapeutic effects of anti-EGFR immunoliposomal doxorubicin alongside various comparators.
In the MDA-MB-468 xenograft model with moderate-sized tumors (>150 mm 3 ), anti-EGFR immunoliposome-doxorubicin was administered i.v. at a total dose of 15 mg doxorubicin/kg divided over three weekly doses of 5 mg/kg/wk (Fig. 3A) . Other treatments included saline, free doxorubicin at its MTD of 7.5 mg/kg, nontargeted liposomal doxorubicin (commercial PLD) at the same dose and schedule as immunoliposomes, and irrelevant immunoliposomes containing a different mAb fragment not specific for EGFR, also at the same dose and schedule as anti-EGFR immunoliposomes.
As expected, free doxorubicin produced some tumor growth inhibition as compared with saline treatment. Both nontargeted liposome delivery via PLD and irrelevantly targeted immunoliposome-doxorubicin showed increased efficacy over free drug [P < 0.0001, multivariate (rank) test]; this is consistent with the established advantages of liposome delivery of anthracyclines in preclinical models (19) . Treatment with anti-EGFR immunoliposome-doxorubicin produced substantial tumor regressions and was the most efficacious treatment. Because immunoliposomes were prepared by conjugation of FabVto PLD itself, the superiority of anti-EGFR immunoliposome-doxorubicin (P < 0.001 versus PLD) was clearly due to targeting by the anti-EGFR mAb fragments. In addition, cured tumors, defined as complete eradication of tumor during treatment and confirmed by histopathology at sacrifice, occurred in 27% (3 of 11) of immunoliposome-treated mice versus 0% for all other treatments, including free doxorubicin (0 of 10), nontargeted PLD (0 of 11), and irrelevantly targeted PLD (0 of 10). This represented a statistically significant advantage for anti-EGFR immunoliposome-doxorubicin versus either nontargeted or irrelevantly targeted PLD (P = 0.011, individual twosample t tests).
Anti-EGFR immunoliposome-doxorubicin was further evaluated in a different EGFR-overexpressing tumor model featuring U87 human glioblastoma xenografts (Fig. 3B ). In this highly tumorigenic and rapidly growing model, treatment was initiated against very large U87 tumors (f450 mm 3 ). Despite this, anti-EGFR immunoliposome-doxorubicin produced substantial tumor growth inhibition and was clearly superior to all other treatments, including nontargeted PLD (P = 0.002), free doxorubicin (P < 0.001), and saline.
As an additional control, one group of mice received treatment with empty anti-EGFR immunoliposomes lacking encapsulated drug. Empty anti-EGFR immunoliposomes, administered i.v. at the same lipid dose and schedule as anti-EGFR immunoliposomedoxorubicin, produced no measurable effect on tumor growth. This result indicated that the potent activity of anti-EGFR immunoliposome-doxorubicin was due to targeted delivery of doxorubicin and not to the antiproliferative activity of C225-FabV fragments present on the immunoliposomes. These results are also consistent with previous studies of anti-HER2 immunoliposomes containing trastuzumab-based FabV , which showed no antitumor efficacy when empty unless administered at much more frequent intervals to achieve steady-state concentrations of the mAb component (6) .
Anti-EGFR immunoliposome-doxorubicin was well tolerated by the mice. Maximum weight loss was 6.3 F 3.5% for anti-EGFR immunoliposome-doxorubicin and 4.6 F 3.9% for Food and Drug Administration-approved PLD, which were not statistically different (individual two-sample t tests).
Efficacy of anti-EGFR immunoliposome-epirubicin in an EGFR/EGFRvIII-overexpressing tumor xenograft model. EGFRvIII (DEGFR), an in-frame deletion of the extracellular domain Liposome delivery was significantly superior to free drug (P < 0.0001) whereas anti-EGFR immunoliposome-doxorubicin was in turn significantly superior to nontargeted liposomal doxorubicin (P < 0.001). B, U87 model. Anti-EGFR immunoliposome-doxorubicin (n) was administered i.v. at a total dose of 15 mg doxorubicin/kg over three weekly doses on the indicated days post tumor implantation (arrows ). Other treatment groups included saline (o), free doxorubicin ( w ) at its MTD of 7.5 mg/kg, PLD (Lipo Dox/PLD ; y) at 15 mg/kg, and anti-EGFR immunoliposome-doxorubicin identically prepared but lacking doxorubicin (Empty Anti-EGFR ILs ; .). Ten to twelve mice in each group.
Liposome delivery was significantly superior to free drug (P = 0.017) whereas anti-EGFR immunoliposome-doxorubicin was in turn significantly superior to nontargeted PLD (P = 0.002). Points, mean tumor volumes; bars, SE. P values were based on a multivariate (rank) test for the indicated treatment groups. . Events were gated for positive nuclear staining. In separate control experiments, cell suspensions were derived from mice that did not receive i.v. treatment and processed as described, and then incubated ex vivo for 2 hours at 37jC with either ADS645WS-loaded anti-EGFR immunoliposomes (E) or nontargeted liposomes (F ). Flow cytometry was done to evaluate immunoliposome/liposome uptake in the cell suspension and the proportion of cells positive or negative for uptake was calculated using the gates shown. Representative results from two therapy experiments (A-D ; three animals per group) and four control experiments (E-F ; one animal per study).
EGFR-Targeted Immunoliposomes Enhance Efficacy In vivo
www.aacrjournals.org associated with constitutive signaling, has been detected in many gliomas and other tumors (24) (25) (26) (27) (28) (29) (30) ; it seems to play a role in glioma tumorigenesis although its role in other tumor types is less clear (31) .
Anti-EGFR immunoliposomes constructed from either C225-FabV or scFv C10 can target EGFRvIII-expressing tumor cells as their epitopes are retained in the truncated receptor (10) . Anti-EGFR immunoliposomes were evaluated in the U87/EGFRvIII tumor xenograft model in which U87 human glioma cells were stably transfected with mutant EGFRvIII (15) . Coexpression at high levels of wild-type EGFR (f1 Â 10 5 -2 Â 10 5 receptors per cell) and mutant EGFRvIII (f5 Â 10 5 receptors per cell) in this model corresponds to a frequent phenotype in human gliomas and possibly other tumors (25) .
For these studies, liposomes and anti-EGFR immunoliposomes were loaded with the anthracycline drug epirubicin. As a free drug, epirubicin has potential advantages over doxorubicin, including possibly reduced cardiotoxicity (32) . Liposome delivery has also been shown to reduce this important limitation of doxorubicin (33, 34) . Thus, liposome/immunoliposome delivery of epirubicin may provide potential clinical advantages.
In the U87/EGFRvIII model, free epirubicin at 24 mg/kg was associated with some antitumor efficacy, which was exceeded by that of the nontargeted liposomal version at equivalent drug dose (Fig. 4) . The combination of liposomal epirubicin plus free mAb C225 showed enhanced efficacy as compared with liposomal epirubicin alone, consistent with preclinical and clinical results that C225 increases the efficacy of various chemotherapies (35) . However, single-agent treatment with anti-EGFR immunoliposome-epirubicin at equivalent dose showed greater efficacy than all other treatments. Anti-EGFR immunoliposome-epirubicin was significantly superior to nontargeted liposomal epirubicin [P = 0.009, multivariate (rank) test], as well as to the combination of liposomal epirubicin plus free C225 (P < 0.05, individual twosample t tests at three different time points).
Efficacy of anti-EGFR immunoliposomes containing alternative chemotherapy drugs. One of the theoretical advantages of immunoliposomal drug delivery versus other immunoconjugate approaches is the inherent versatility of the liposome component, which can be used to encapsulate various chemotherapeutic drugs or other compounds. To exploit this, we constructed anti-EGFR immunoliposomes containing either doxorubicin or vinorelbine; these were then directly compared for therapeutic effects in vivo in the EGFR-overexpressing U87 xenograft model (Fig. 5A) .
For doxorubicin, anti-EGFR immunoliposome-doxorubicin was prepared from commercial PLD as described. Treatment with anti-EGFR immunoliposome-doxorubicin at a total drug dose of 15 mg/kg i.v. was associated with clear tumor regressions in this aggressive xenograft model and was significantly superior to treatment with nontargeted liposomal doxorubicin (P = 0.002; Fig. 5B ).
For vinorelbine, a novel liposome construct was prepared by active loading across an induced transmembrane potential. Liposomal vinorelbine constructs achieved outstanding yields, with 26,000 drug molecules per nanoparticle, and stability, with prolonged drug retention during long circulation in rats (t 1/2 = 27.2 hours). Treatments with free, liposomal, or immunoliposomal vinorelbine were all administered i.v. at a total drug dose of 15 mg vinorelbine/kg (Fig. 5C ). Liposomal vinorelbine seemed to have greater efficacy than free vinorelbine, although this comparison was of borderline statistical significance (P = 0.053). Anti-EGFR immunoliposome-vinorelbine showed a significant increase in efficacy over nontargeted liposomal vinorelbine (P = 0.003).
Comparison across the two drug classes showed that the efficacies of anti-EGFR immunoliposomes containing either doxorubicin or vinorelbine at 15 mg/kg of either drug were comparable (Fig. 5A) . Similarly, the nontargeted liposomal versions of doxorubicin and vinorelbine, either commercial PLD or the new liposomal vinorelbine construct, were comparable to each other.
Discussion
Anti-EGFR immunoliposomes showed long circulation and stable drug retention, with no apparent compromise due to mAb fragment conjugation. Treatment studies with drug-loaded anti-EGFR immunoliposomes showed potent therapeutic effects in multiple tumor models, including tumor growth inhibition, regressions, and eradications. Anti-EGFR immunoliposomes loaded with doxorubicin, epirubicin, or vinorelbine were significantly superior to all other treatments, including the corresponding free drug, nontargeted liposomal drug, and other relevant comparators.
Of note, both nontargeted liposomes and anti-EGFR immunoliposomes showed largely comparable biodistributions at the tissue level. Both types of nanoparticles achieved extremely high tumor concentrations at 24 hours (10-12% ID/g tissue) and even higher levels at 72 hours (13-15% ID/g tissue). Hence, whereas drug-loaded immunoliposomes produced clearly greater antitumor efficacy than nontargeted versions, targeting was not associated with increased tumor tissue levels.
This apparent paradox, also observed with anti-HER2 immunoliposomes in HER2-overexpressing tumors (23), was clarified by further studies of the mechanism of delivery for liposomes and immunoliposomes at the cellular level. We previously Figure 4 . Therapeutic efficacy of anti-EGFR immunoliposomal epirubicin versus combination therapies in the U87/EGFRvIII tumor xenograft model. Anti-EGFR immunoliposomes containing epirubicin (Anti-EGFR ILs-EPI ; n) were administered i.v. once a week over 3 weeks at a total drug dose of 24 mg/kg on the indicated days post tumor implantation (arrows ). Other treatment groups included saline (o), free epirubicin (Free EPI ) at 24 mg/kg ( w ), liposomal epirubicin at 24 mg/kg (Lipo EPI ; y), and the combination of liposomal epirubicin at 24 mg/kg + free anti-EGFR mAb (Lipo EPI + MAb C225 ; .) administered i.p. at 1 mg/dose twice a week over six doses (small arrows ). Ten to twelve mice in each group. Anti-EGFR immunoliposome-epirubicin was significantly superior to liposomal epirubicin [P = 0.009, multivariate (rank) test] and was also superior to the combination of liposomal epirubicin + mAb C225 at the indicated time points (*, P < 0.05, individual two-sample t tests). Points, mean tumor volumes; bars, SE.
reported that anti-EGFR immunoliposomes bind and internalize in EGFR-overexpressing tumor cells in vitro, thus enabling intracellular drug delivery (10) . The present studies confirm that immunoliposomes internalize in target cells in vivo. Tumor cells analyzed after i.v. treatment showed internalization of immunoliposomes but not of nontargeted liposomes. These data are consistent with a mechanism for immunoliposome delivery involving two phases. In the first or tissue phase, nanoparticles with sufficient longevity in circulation (such as sterically stabilized liposomes or immunoliposomes) slowly accumulate in tumor tissue, ultimately reaching high tumor levels due to the enhanced permeability and retention effect. Molecular targeting is not required for this process and does not seem to facilitate it. In the second or cellular phase, nontargeted liposomes remain in the interstitial space and are subject to decomposition, degradation, or phagocytosis, with eventual release of drug. In contrast, immunoliposomes bind to and internalize in tumor cells via ligand-receptor interactions. Taken together, these results indicate that internalization of anti-EGFR immunoliposomes in tumor cells was a critical factor for the enhanced efficacy observed.
It was also clear that anti-EGFR immunoliposome efficacy was not attributable to signal inhibition mediated by the C225 component. Empty anti-EGFR immunoliposomes, administered at the same lipid dose and schedule as doxorubicin-loaded immunoliposomes, failed to show antitumor efficacy. This was in fact not surprising given the large difference in the dose requirements involved. Treatment with free mAb C225 required 1,000 Ag per dose for six doses. Immunoliposome treatment, in contrast, required very small amounts of conjugated mAb fragments: f30 Ag FabVper dose for three doses, corresponding to more than 60-fold lower mAb content. It is also notable that anti-EGFR immunoliposomes showed greater efficacy than the combination of free C225 plus liposomal epirubicin.
Immunoliposomal drugs may provide a more potent strategy to treat EGFR-overexpressing tumors than current approaches. Strategies to inhibit EGFR signal transduction, including naked mAbs and small molecule inhibitors, have proved to be clinically useful (36) (37) (38) (39) ; however, it remains unclear which subsets of patients are most likely to receive clinical benefit from these treatments (40, 41) . Anti-EGFR immunoliposomes can target both wild-type EGFR and EGFRvIII and their efficacy is not dependent on signal transduction effects.
In conclusion, anti-EGFR immunoliposomes achieved favorable pharmacokinetics, biodistribution, and tumor localization due to its nanoparticle properties, followed by specific binding and internalization in tumor cells via mAb fragments. Targeting different drugs to tumor cells in this way produced potent anticancer activity in preclinical models, thus representing a potentially useful strategy for cancer treatment. C ) . B, doxorubicin. Anti-EGFR immunoliposome-doxorubicin (Anti-EGFR ILs-DOX ; n) was prepared by micellar conjugation of FabVto commercial PLD (Lipo DOX/PLD ; y), and both were administered i.v. at a total doxorubicin dose of 15 mg/kg over three doses (arrows ). Anti-EGFR immunoliposome-doxorubicin was significantly superior to nontargeted PLD (P = 0.002). C, vinorelbine. Nanoparticle/liposome constructs encapsulating vinorelbine were prepared via induced transmembrane potential for active drug loading, resulting in highly concentrated drug packing of 26,000 drugs per particle. Anti-EGFR immunoliposomes containing vinorelbine (Anti-EGFR ILs-VRL ; n) were administered i.v. at a total dose of 15 mg/kg on the indicated days post tumor implantation (arrows ). Other treatment groups included saline (o), free vinorelbine ( w ), and liposomal vinorelbine (Lipo VRL ; y), both at 15 mg vinorelbine/kg. There was a trend towards superior efficacy for liposomal vinorelbine over free vinorelbine (P = 0.053) whereas anti-EGFR immunoliposome-vinorelbine was in turn clearly superior to nontargeted liposomal vinorelbine (P = 0.003).
